This study assessed and compared the plasma and red blood cell concentrations of carnitine in cord blood samples from preterm (a36 wk, n = 53) and term (237 wk, n = 72) neonates. The mean (+S. Carnitine, ,8-OH-y-trimethyl amino-butyric acid, is a quarternary amine that plays an essential role in the oxidation of long chain fatty acids by facilitating their transport across the inner mitochondria1 membranes via a carnitine acyltransferase enzyme system (8, 16). Improved fatty acid utilization would enhance a neonate's ability to utilize energy, which in turn may potentiate growth. Fatty acid oxidation also plays an important part in the thermogenic function of brown adipose tissue (10). This factor may be of an immense value to the neonate, particularly a sick preterm infant in achieving thermal homeostasis. Animal studies have suggested an important role for carnitine in hepatic ketogenesis (12). Ketones constitute a significant source of metabolic fuel, particularly for utilization by brain in the perinatal period (18). These various studies seem to indicate that carnitine is one of the essential nutrients in the diet of newborn infants (3).
Carnitine, ,8-OH-y-trimethyl amino-butyric acid, is a quarternary amine that plays an essential role in the oxidation of long chain fatty acids by facilitating their transport across the inner mitochondria1 membranes via a carnitine acyltransferase enzyme system (8, 16) . Improved fatty acid utilization would enhance a neonate's ability to utilize energy, which in turn may potentiate growth. Fatty acid oxidation also plays an important part in the thermogenic function of brown adipose tissue (10) . This factor may be of an immense value to the neonate, particularly a sick preterm infant in achieving thermal homeostasis. Animal studies have suggested an important role for carnitine in hepatic ketogenesis (12) . Ketones constitute a significant source of metabolic fuel, particularly for utilization by brain in the perinatal period (18) . These various studies seem to indicate that carnitine is one of the essential nutrients in the diet of newborn infants (3) .
Studies in various animal species have demonstrated a transfer of carnitine from the mother to the fetus during pregnancy and via milk during the postnatal period (10, 11, 20) . The amount of carnitine transferred across the placenta varies with different species. Little is known of carnitine levels during various stages of human gestation. Plasma concentration of carnitine is often used as the parameter for determination of carnitine status. This study was designed to assess and compare the plasma concentrations of carnitine at birth in a group of preterm and term neonates. Additional assessment of RBC concentrations of carnitine in the same group of infants was also undertaken.
MATERIALS AND METHODS

Subjects:
Fifty-three preterm infants, admitted to the neonatal intensive care unit at the Vanderbilt Medical Center, were studied. These infants (male = 30 and female = 23) were a36 wk gestation. Their birth weights ranged 790-3010 g. Fourteen of these infants were 530 wk gestation and had a mean ( f S.E.) birth weight of 1100 f 48 g. Nineteen infants were 31-33wk and weighed 1620 + 54 g. Twenty infants were 34-36 wk in gestation and weighed 2360 f 75 g at birth. Of these 53 preterm infants, 35 were born to caucasian parents; the remainder with the exception of two Oriental infants were born to black parents. Of the 53 preterm infants, 18 were delivered by cesarean section; the remainder were delivered vaginally. The common indications for abdominal delivery were prematurity and breech presentation. All infants were AGA as their body measurements were within f 2.0 S.D. of the mean on standard growth graphs (1).
Sixty-three term infants at the Vanderbilt Medical Center were studied concurrently. These infants (male = 3 1 and female = 32) were 537 wk gestation. Their birth weights ranged 2810-41 10 g (mean + S.E., 3390 + 47 g). Of the 63 term infants, 45 were born to caucasian parents; the remainder with the exception of an Asian Indian and a Mexican infant were born to black parents. Three of the term infants were delivered by cesarean section. Cephalopelvic disproportion was the indication for abdominal delivery. With the exception of seven SGA infants, the remainder were appropriately grown. An additional nine infants (male = 7 and female = 2) of postterm gestation (242 wk) were included in the study. All of these infants were caucasian, AGA, and delivered vaginally. Multiple births and neonates with congenital anomalies were excluded from the study. The study was approved by the Committee for the Protection of Human Subjects-Health Sciences of the Institutional Review Board of Vanderbilt University.
Clinical procedures. Informed consent was obtained from the parents of each infant before delivery. Immediately after delivery of the placenta, about 5.0 ml of blood was collected from the separated umbilical cord for carnitine assay. A test tube containing dry heparin was used for blood collection. The PCV and Hgb concentration were determined by using standard methods. The gestational age of each infant was estimated from the maternal history and by clinical assessment of maturity (7) . Accurate measurements of body weight, occipito-frontal circumference, and crown-heel length were obtained from each infant and recorded. A careful clinical examination of the infant was performed to exclude clinically apparent congenital malformations.
Chemical procedures. Blood was separated into plasma and RBC, and the RBC were washed twice with saline with complete removal of the buffy coat. Washed RBC were broken by addition of an equal volume of deionized water and freezing and thawing two times. Triplicate aliquots of plasma and RBC were assayed for total carnitine by a modification of the method of Cederblad and Lindstedt (5) as described below.
Triplicate aliquots of L-carnitine standard (1.25-15 nmole) and 200 pl of the blood sample were incubated in 0.1 N KOH at 50°C for 30 min in a final volume of 250 p1 to hydrolyze acetylcarnitine and acylcarnitine. The samples were cooled and 750 p1 of 0.6 M perchloric acid was added to precipitate protein. After centrifugation, 500 p1 of the supernatant was neutralized with 4 N KOH using phenol red as an indicator. These tubes were incubated overnight at 4°C and then centrifuged to remove the potassium perchlorate salt. The clear pink supernatant was used for the carnitine assay. Three solutions were used to make an ingredient mix. Solution I was [I-14C] acetyl coenzyme A at a concentration of 3.2 pM and a radiospecific activity of 50 mCi/mmole. Solution I1 was 0.1 mM acetyl coenzyme A prepared in the following manner: 10 mg coenzyme A was dissolved in 500 p1 of cold HzO, neutralized with 100 p1 of 1 M KHC03, mixed well with 200 p1 of 0.1 M acetic anhydride and diluted to 80 ml with cold HzO. Both Solution I and I1 were stored in aliquots at -20°C. Solution I11 was 1 M potassium phosphate buffer pH 7.0 containing 2 mg/ml N-ethyl-maleimide to pull the reaction to near completion and thus make the standard curve a straight line. The ingredient mix consisting of 2 volumes of Solution I and 1 volume of Solution I1 and Solution I11 was made immediately before use and stored on ice. The reaction tube contained 100 pl of carnitine standard and 100 pl of the ingredient mix. The reaction was started with 1 unit of carnitine acetyltransferase in a volume of 20 p1. After incubation at 37°C for 30 min, 200 p1 of the reaction mixture was put on a 5 X 35 mm column of Dowex 2 x 8 (Cl-). The column drained directly into a polyethylene scintillation vial and was washed with 2 aliquots of cold HzO. Nine ml of Aqueous Counting Scintillant was added and the vials counted in a liquid scintillation spectrometer.
Statistical analysis. Statistical analysis (mean, S.E. of the mean, linear regression, correlation coefficient, Student t test, and analysis of variance) were performed by using Hewlett Packard HP-55 programmable calculator and the Statistical Package for the Social Sciences computer system.
RESULTS
The mean plasma carnitine concentration was significantly higher in infants born prematurely than in infants of term gestation ( Table 1 ). The mean plasma carnitine values in preterm infants, 530 wk, and 31 wk through 33 wk in gestation did not differ significantly among the groups (Fig. 1) ; however, each of these values was significantly higher than the corresponding mean plasma carnitine values for the groups of larger preterm (34 wk through 36 wk), term (37 wk through 41 wk), and postterm (242 wk) infants. Linear regression analysis showed a significant negative correlation (r = -0.332; P < 0.001) between plasma carnitine and gestational age. No significant differences were observed in the mean plasma carnitine concentrations when the neonates were grouped based on sex, race, and growth characteristic ( Table 2) .
The mean RBC carnitine concentration was significantly higher in infants of preterm gestation than in infants born at term ( Table  1 ). The mean RBC carnitine values in preterm infants, 530 wk, and 3 1 wk through 33 wk in gestation did not differ significantly among the groups (Fig. 1) ; however, each of these values was significantly higher than the corresponding mean RBC carnitine value for the group of term infants. The mean RBC carnitine value for the group of larger preterm infants (34 wk through 36 wk) did not differ significantly from the corresponding mean value for the term group. The RBC carnitine concentrations in post-term infants differed significantly only from the values recorded in the group of very immature (530 wk) neonates. Linear regression analysis showed a significant negative correlation (r = -0.531; P < 0.001) between RBC carnitine and gestational age.
No significant differences were observed in the mean RBC carnitine concentrations when the neonates were grouped based on sex, race, and growth characteristic ( Table 2) .
The mean ( f S.E.) plasma carnitine concentration of 33.4 f 3.8 nmole/ml in neonates delivered by cesarean section was significantly higher than the corresponding mean (+ S.E.) value of 23.5 & 0.7 nmole/ml in infants delivered vaginally ( P < 0.01). Likewise, the mean ( f S.E.) RBC carnitine concentration of 0.26 f 0.03 nmole/mg Hgb in neonates delivered by cesarean section was significantly higher than the corresponding mean ( f S.E.) value of 0.17 f 0.01 nmole/mg Hgb in infants delivered vaginally ( P < 0.001). These differences were attributed to the greater number of preterm infants in the group of neonates delivered by cesarean section. The mean ( f S.E.) gestational age of 31.5 + 0.9 wk in neonates delivered by cesarean section was significantly lower than the mean (& S.E.) gestational age of 37. ' Values are mean t S.E.
Body measurements are significantly lower in preterm group (P < 0.001). Carnitine concentrations are significantly higher in preterm group (P < 0.001). showed a significant positive correlation ( r = 0.320; P < 0.001) between plasma carnitine and RBC carnitine. The relative distribution of carnitine in plasma and RBC was determined from the carnitine concentrations in the two blood components, PCV and Hgb concentrations. The latter values are shown in Table 3 . The estimated values for RBC carnitine expressed as a % of whole blood carnitine from individual infants are shown in Figure 2 . Approximately 72.2 f 1.1% (mean + S.E.) of carnitine in blood was estimated to be contained in the red blood cells, and 27.8 f 1.1% (mean f S.E.) of carnitine was estimated to be in the plasma. These % did not vary with gestational age, sex, race, growth characteristic, or the mode of delivery of the infants. These estimates do not take into account the carnitine possibly contained in the white blood cells and the platelets, as most of these cells were removed with the RBC washing procedure.
DISCUSSION
Normal concentration (mean f S.D.) of total carnitine in plasma measured by our laboratory in healthy adult humans is 50.6 f 1 1.2 nmole/ml ( n = 272) for males and 44.7 f 1 1.9 nmole/ ml (n = 234) for females. Decreasing concentrations of carnitine in the blood have been observed in pregnant women with advancing gestation (1 1, 21 ). There is a paucity of information about plasma carnitine values in children, and in infants including neonates, particularly in premature newborns. This study was designed to assess the plasma total carnitine concentrations in cord blood samples obtained from a large number of newborn infants of varying gestation. This study was also designed to provide additional data on RBC carnitine concentrations. Total carnitine was measured rather than free carnitine or acyl carnitine because the purpose of the study was to determine the carnitine status. The cord blood samples were chosen for analysis to allow determination of the carnitine status of infants at birth, before possible changes induced by postnatal nutritional manipulation and therapeutic intewention.
The cord blood carnitine concentrations reported in this study are similar to the previously published values (14, 15) . Several mechanisms may be postulated for the higher carnitine concentrations observed in premature infants: (I) enhanced endogenous synthesis of carnitine could account for the higher carnitine levels in blood. The principal site of carnitine synthesis from amino acids lysine and methionine is believed to be the liver (2) , and the hepatic y-butyrobetaine hydroxylase enzyme activity is often used as a measure of the capacity for camitine synthesis (2) . Data from a limited number of young infants indicate that the hepatic ybutyrobetaine hydroxylase activity is only 12% of the normal adult activity (19) . This study and similar observations in experimental animais ' (9) suggest that the endogenous carnitine Gnthesis is vrobablv limited, rather than enhanced in immature neonates. (2) . . ~nhanced transplacental transfer of carnitine in earlier stages of pregnancy could result in higher carnitine levels in blood in preterm neonates. The precise mechanism by which carnitine is supplied to the human fetus is not understood; however, studies (1 1, 14) examining the materno-fetal gradients of carnitine and its metabolites seem to suggest that the transplacental transfer is the major route by which carnitine is acquired by the human fetus from the mother. It is possible that this transfer of carnitine occurs predominantly in the earlier stages of human pregnancy. Such a scheme would seem to benefit an immature fetus with a limited capacity for endogenous synthesis and with a greater dependence on exogenous sources such as the maternal stores for carnitine acquisition. (3) Reduced carnitine uptake and storage by the tissues could account for the higher carnitine levels in blood. The principal site of carnitine storage is the skeletal muscle, although other tissues such as the heart, adrenal gland, liver, and adipose tissue contain significant amounts of carnitine (13) . Our preliminary observations (22) on autopsy specimens obtained from verylow-birth-weight neonates dying within 24 h of birth show that the concentrations of carnitine in the skeletal muscle, liver, and heart in these immature neonates are very low in comparison to the control values reported for older children (6). Tissue carnitine concentrations in the range reported for systemic carnitine deficiency (23) have been observed in older premature neonates (17) . It is therefore possible that the high carnitine concentrations in blood in preterm infants may be a reflection of immaturity of mechanisms for camitine uptake and storage in the tissues. Further studies are needed to elucidate the specific mechanisms involved in the metabolism of carnitine at the tissue level.
The blood component analyzed most commonly for determination of carnitine status is the plasma. There is little information on RBC carnitine concentrations. It is apparent from our observations that a higher % of carnitine in blood is contained in the RBC than in the plasma. A sulfhydral-dependent protein, which specifically binds carnitine, has been recently identified and isolated in the membrane of the human RBC (4). Such a specific transport carrier for carnitine has not been identified in the plasma. The higher % of carnitine in the RBC may be the result of the binding of carnitine to the RBC membrane. It is possible that the RBC may play an important role in the transport of carnitine to the tissues. Further studies are needed to elucidate the specifk transport mechanism and to ascertain quantitative and qualitative differences in the RBC-carnitine binding in neonates, children and adults. Based on our observations, we suggest that it is important to include RBC carnitine concentrations in future studies attempting to define the carnitine status of an individual.
In conclusion, the higher concentrations of carnitine in blood in preterm neonates at birth probably reflect enhanced transplacental acquisition or decreased tissue uptake of carnitine in the preterm period. After birth, an abrupt cessation of carnitine supply from the materno-placental unit may predispose the immature neonates to carnitine deficiency and its adverse effects, particularly in the absence of an adequate exogenous carnitine intake in the postnatal period. A higher % of carnitine in blood is contained in the RBC than in plasma. Measurement of RBC[C] is important in studies attempting to define the carnitine status.
